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Abstract

In this paper we derive a Probably Approximately
Correct(PAC)-Bayesian error bound for linear
time-invariant (LTT) stochastic dynamical systems
with inputs. Such bounds are widespread in ma-
chine learning, and they are useful for characteriz-
ing the predictive power of models learned from
finitely many data points. In particular, the bound
derived in this paper relates future average pre-
diction errors with the prediction error generated
by the model on the data used for learning. In
turn, this allows us to provide finite-sample er-
ror bounds for a wide class of learning/system
identification algorithms. Furthermore, as LTI
systems are a sub-class of recurrent neural net-
works (RNNs), these error bounds could be a first
step towards PAC-Bayesian bounds for RNNs.

1. Introduction

Motivation PAC and PAC-Bayesian bounds have been a
major tool for analyzing learning algorithms. They provide
bounds on the generalization error in terms of the empirical
error, in a manner which is independent of the learning al-
gorithm. Hence, these bounds can be used to analyze and
explain a wide variety of learning algorithms. In particu-
lar, PAC-Bayesian error bounds turned out to be useful for
providing non-vacuous error bounds for neural networks
(Dziugaite & Roy, 2017).

While there is a wealth of literature on PAC (Shalev-Shwartz
& Ben-David, 2014) and PAC-Bayesian (Alquier, 2021;
Guedj, 2019), bounds for static models, much less is known
on dynamical systems.
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Contribution In this paper we consider stochastic LTI state-
space representations (LTI systems for short) in innovation
form. In accordance with the standard practice in system
identification, we view stochastic LTI systems as predictors,
which take past inputs and outputs and generate predictions
for the current output. We assume that the data used for
learning are generated by stochastic LTI systems in innova-
tion form. Learning/identifying an LTI system then amounts
to finding the predictor, which results in the smallest predic-
tion error for the training data, i.e., the smallest empirical
loss. However, for decision making (fault detection,control,
etc.), the quality of the learned model is determined by the
generalization error, i.e., the average prediction error for
future, unseen data. The PAC-Bayesian bound of this paper
says that with a high probability (probability at least 1 — ¢),
the generalization error is smaller than the empirical loss
plus an error term. The error term depends on the number
of data points N and on parameter (learning rate A\). In this
paper we provide explicit formulas for the error term. We
show that the error term converges to a constant as N — oo.
The constant depends on the confidence level § and the dis-
tance between prior and posterior densities on models. If
we assume that the data used for learning is generated by an
LTI system with bounded noise, we can show that the error
term converges to 0 as N — oo. The rate of convergence
is O(\/Lﬁ) which is consistent with most of finite-sample
bounds available in the literature for various, not necessarily
LTI, models. This suggests that the obtained error bound is
likely to be asymptotically sharp for bounded signals.

Related work PAC bounds for sub-classes of linear dynam-
ical systems in autoregressive form and with bounded sig-
nals were proposed in (Campi & Weyer, 2002; Vidyasagar
& Karandikar, 2006). In (Alquier & Wintenberger, 2012;
Alquier et al., 2013) PAC-Bayesian bounds for auto-
regressive models without exogenous inputs were consid-
ered, and the variables were either assumed to be bounded
or the loss function was assumed to be Lipschitz.

In contrast to (Campi & Weyer, 2002; Vidyasagar &
Karandikar, 2006; Alquier et al., 2013; Alquier & Winten-
berger, 2012), we consider state-space models with inputs,
we also handle unbounded variables (although the results are
weaker than for the bounded case) and quadratic loss func-
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tions. However, results from (Alquier et al., 2013; Alquier
& Wintenberger, 2012) were used in this paper. Another
related work is (Massucci et al., 2021), where PAC bounds
for switched autoregressive systems were derived, but again
those results do not apply to stochastic LTT state-space rep-
resentations.

Recently, several publications on finite-sample bounds
for learning linear dynamical systems were derived, with-
out claiming completeness (Simchowitz et al., 2019; Sim-
chowitz, 2021; Oymak & Ozay, 2022; Lale et al., 2020;
Foster & Simchowitz, 2020; Hazan et al., 2018; Tsiamis
& Pappas, 2019; Sarkar et al., 2021). First, all the cited
papers propose a bound which is valid only for models
generated by a specific learning algorithm. In particular,
these bounds do not relate the generalization loss with the
empirical loss for arbitrary models, i.e., they are not PAC(-
Bayesian) bounds. This means that in contrast to the results
of this paper, the bounds of the cited papers cannot be used
for analyzing algorithms others than for which they were
derived. Second, many of the cited papers do not derive
bounds on the infinite horizon prediction error. PAC bounds
for recurrent neural networks, of which LTT state-space rep-
resentations are a subclass, were developed in (Koiran &
Sontag, 1998; Sontag, 1998; Chen et al., 2020) using VC
dimension, and in (Joukovsky et al., 2021; Chen et al., 2020)
using Rademacher complexity, and in (Zhang, 2006; Dziu-
gaite & Roy, 2017) using PAC-Bayesian bounds approach.
However, all the cited papers assume noiseless models, a
fixed number of time-steps, that the training data are i.i.d
sampled time-series, and the signals are bounded. In con-
trast, we consider (1) noisy models, (2) prediction error
defined on infinite time horizon, (3) only one single time se-
ries available for training data, and (4) we allow unbounded
signals.

In (Eringis et al., 2021) PAC-Bayesian error bounds were
developed for autonomous LTI state-space systems without
exogenous input. In contrast to (Eringis et al., 2021), in the
current paper we consider systems with exogenous inputs.
Moreover, the error bound of this paper is much tighter than
that of (Eringis et al., 2021): in contrast to (Eringis et al.,
2021), with the growth of the number of observations, the
error bounds of this paper converge either to zero (in the
case of bounded innovation noise) or to a constant involving
KL-divergence. Finally, the proof technique is completely
different from that of (Eringis et al., 2021).

Paper Outline We start by defining the problem formulation
in Section 2, where all the assumptions and important quan-
tities are defined. Then we will discuss the PAC-Bayesian
framework in Section 3, then we will present the main re-
sults of the paper in Section 4, then we will present some
auxiliary results for systems driven by bounded noise in
Section 5, Finally, a short numerical example is presented

in Section 6.

2. Problem formulation
Notation and terminology

We occasionally use £ to denote “defined by”. Let F denote
a o-algebra on the set €2 and P be a probability measure
on F. Unless otherwise stated all probabilistic considera-
tions will be with respect to the probability space (2, F, P),
and we let E(z) denote expectation of the stochastic vari-
able z. We use bold face letters to indicate stochastic vari-
ables/processes. Each euclidean space is associated with
the topology generated by the 2-norm || - ||, and the Borel
o-algebra generated by the open sets. The induced matrix
2-norm is also denoted || - ||o. We say that a random variable
z taking values in R" is essentially bounded, if for some
constant C' > 0, ||z|l2 < C holds with probability one.

A stochastic linear-time invariant (LTI) systems with inputs
in state-space form (Lindquist & Picci, 2015, Chapter 17)
is a dynamical system of the form

x(t+1) = Ax(t) + Bu(t) + v(t),

y(t) = Cx(t) + Du(t) +n(t) (1)

defined for all ¢ € Z, where A,B,C,D are n X n,
n X Ny, Ny X n and ny X n, matrices respectively, A
is a Schur matrix (a square matrix with all its eigenvalues
inside the unit disk), v, n are zero-mean Gaussian i.i.d pro-
cesses, u, X, are zero-mean stationary Gaussian processes,

u(t) and [n” (t), uT(t)]T are independent, and x(¢) and
[T (t), nT(t)]T are independent. The process x is called
the state process, v is called the process noise and 7 is the

measurement noise. If B, D are absent from (1), then we
say that (1) is an autonomous stochastic LTI system

Let us fix stochastic processes y (t) € R, and u(t) € R,
that share a time axis ¢ € Z, that is, for any ¢t € Z, y(t) :
Q- R%;w — y(t)(w), and u(t) : Q@ - R™;w —
u(t)(w) are random vectors on (2, F,P). The goal is to
estimate y(¢) from current and past values of u(t), for this
we need a structure connecting y(¢) and u(t), thus we have

Assumption 2.1. Let y(¢) and u(¢) be generated by an
autonomous stochastic LTI system

x(t+1) = Agx(t) + Kge4(t), (2a)
YO o () + e
3] = coxto) + et (2b)

where A, € R™*", K, € R™*™ Cy € R™*" forn > 0,
m = ny + Ny > 2. Furthermore, we require that

* Agand A, — K,Cy are Schur (all its eigenvalues are
inside the open unit circle), and
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* e, is an ii.d process and e4(t) is a zero mean sub-
Gaussian variable for all ¢ € Z with covariance

Eley(t)ey ()] = Qe.

* x(t) has finite variance, and e4(t) is independent of
x(t), forall ¢t € Z.

We identify the system (2) with the tuple g, =
(Ag, Ky, Cy, 1)

Note: For learning, we assume to have the training data
set Dy = {{y(s)(w),u(s)(w)}} 5, i.e. asingle trajec-
tory of [y (¢), u” (¢)]7, but no knowledge of the matrices
Ag, Ky, Cy4 and noise process e4. The system (2) only de-
fines the assumptions on the data generating process.

The goal is to use the past and present of u(t), or past of
y(t), to estimate y(¢). Note that y and u are stationary
processes by (Caines, 1988, Theorem 1.4). Moreover, from
classical theory of LTI systems it follows that y(¢) and
u(t), t € Z are essentially bounded if the noise e,4(s) is
essentially bounded for all s € Z

We wish to consider LTI predictors,

%(t + 1) = Ax(t) + Bu(t) + Ly(t), %x(0) =0  (3a)
y(t) = Cx(t) + Du(t) (3b)

where matrices fl, B, ﬁ, C , D are of appropriate size, and
A is Schur (all its eigenvalues are inside the unit disk).

Note: In this paper, we will allow a more general form
of predictors, where L can be set to 0, i.e. we may wish
to estimate y(¢) only from measurements u(t), when past
values of the process y(t) is not available. In order to
accommodate this let us define a stochastic process w(t) €
R™ by two cases

cwit)=[y'(t) uT(t)]T, Nw = Ny + Ny

e w(t) =u(t), nw = nu

Note that, one can define w(t), to consist of some of the
components of y(¢), i.e. w(t) does not need to contain all
of y.

Class of predictors (hypotheses) In this paper, we will be
interested in the following hypothesis class, consisting of
predictors realizable by LTI systems.

Assumption 2.2 (Parameterised hypothesis class). The hy-
pothesis class J is a parametrized set of LTI predictors, with
%(0) = (A(0), B(0),C(0), D(0)):
x(t+1) = A(O)x(t) + B(O)w(t), x(0) =0, (4a)
Feoy({W(s)Yio) = C(O)X(t) + D(O)w(t).  (4b)

F={fs | 7(A@®) <1, 0 € ©}

with v(A(0)) the spectral radius of A(0), i.e. the largest
modulus of eigenvalues of A(0). Set © C R™ is a compact
set, and A(6),B(6), C(6), D(8) are continuous functions of
¢ taking values in the sets of 7 X 71, . X N, Ny X 7 and
ny X My matrices respectively. If w(t) = [yT (¢),u” (t)]",
then D = [0, D] for some 7y, X ny, matrix Dy, i.e., Dw(t)
depends only on u(#)!.

We will identify the system (4) with the tuple (A, B, C, D).
For the sake of notation, throughout the paper we will use
f, to denote fg(g), for some arbitrary 6 € O.

Under assumption 2.2, we can use probability densities on
the set of predictors F. The latter will be essential for using
the PAC-Bayesian framework.

Next, we define the notions of empirical and generalization
loss for predictors which are realized by LTI systems.

Assumption 2.3 (Quadratic loss function).
We will consider quadratic loss functions ¢ : R™ x R™ >

W y) = lly=v13=w—y) (y—y) €[0,00).

The empirical loss of a predictor for the data Dy =
{y(t), w(t)}}¥ is defined as follows: we define the random

variable
yr(t|s) £ fw(s),...,w(t))

which represents the estimate of y(¢) based on random vari-
ables {w(s), ..., w(t)} . The empirical loss for a predictor
f and processes (y, w) is then defined by

) 1 N-1
Ln(f) 2 5 D UFs(i0),y(). §)
=0

The definition of the generalization loss is a bit more in-
volved. Namely, we are using varying number of inputs for
predictions and hence the expectation E[4(y (¢ | 0),y(t))]
depends on ¢t. This will hold true even if the processes y
and w are stationary. Note that this issue is specific for
state-space models: autoregressive models always use the
same number of inputs to make a prediction. In this paper
we will opt for looking at the case when the size of the past
used for the prediction is infinite.

Lemma 2.4 (Hannan & Deistler, 1988)). The limit § ;(t) =
lims_,_ o §¢(t | 8) exists in the mean-square sense for all
t, the process y ¢ (t) is stationary, and E[{(y;(t),y(t))] =
lim, oo BIE(¥ (| 5),y(t))L

This motivates us to introduce the quantity

L) = Bl (1), y(1)] = lim Bl (t | ), y(0)]

'The latter assumption is necessary, since otherwise we would
be using the components of y(¢) to predict y(¢), which is not
meaningful.
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which is called the generalization loss of the predictor f
when applied to process (y, w).

Intuitively, y ¢ (¢) can be interpreted as the prediction of y ()
generated by the predictor f based on all (infinite) past and
present values of w. As stated in Lemma 2.4 we consider the
special case when y ¢ (t) is the mean-square limit of y (¢ | s)
as s — —oo. Clearly, for large enough ¢ — s, the empirical
loss, is close to the generalization loss. In fact, it is standard
practice in learning dynamical systems (Ljung, 1999) to use
L(f) as the measure of fitness of the predictor. With these
definitions in mind, the learning problem considered in this
paper can be stated as follows.

Problem 2.1 (Learning problem). Compute a predictor
f € F from a sample Dy = {y(t)(w), w(t)(w)}X, of
the random variables {y(t), w(t)}_, such that the general-
ization loss £(f) is small.

Remark 2.5 (Relationship with parameter estimation). The
learning problem above can be interpreted as a parameter
estimation problem as follows. Assume that there is no
feedback from y to u in the sense of (Lindquist & Picci,
2015, Definition 17.1.1). Then from (Eringis et al., 2022) it
follows that the data generator X4, gives rise to a predictor

f(Sgen) with w = [y” uT]T, such that generalization
error L£(f(Xgen)) is the smallest possible among all the pre-
dictors. Moreover, the correspondence between the matrices
of Xgepn and f (Egen) is one-to-one and continuous. Hence,
if the predictor f(X.,,) arising from the data generator
Ygen belongs to the hypothesis class, then the solution of
the learning problem will be the predictor f(Xg.,) which
arises from the data generator, moreover, the matrices of
the predictor can be used to compute the matrices of the
data generator (Eringis et al., 2022). That is, the problem
of finding a predictor with minimal generalization error is
equivalent to finding the data generator. Moreover, if the
hypothesis class satisfies some regularity conditions (e.g.,
identifiability, etc.), then any predictor with a sufficiently
small generalization error will have matrices which are close
to the matrices of the optimal predictor, and hence can be
used to compute an approximation of the data generator.

3. PAC-Bayesian Framework

Below we recall the PAC-Bayesian framework. To this end,
let Bg be the o-algebra of Lebesque-measurable subsets of
the parameter set © C R"™, and m denote the Lebesque
measure on R™?. We then define

E g(f) £ /9 _pOas)an0) ©

fr~p
with p a probability density function on the measure space
(©,Bg,m),and g : F — R amapsuchthat ® > 0 —

9(fs(p)) is measurable and absolutely integrable. The
essence of the PAC-Bayesian approach is to prove that for

any density 7 on F, and any ¢ € (0, 1],
P({(;.)€Q|V,6E/\/l,r : fEAE(f) <
~p

E L))+ 0 8) ) > 1-5. )

i.e., the inequality fEAL(f) < fEAL:,N(f) + ry (X, 5, 9)
~p ~p
holds with probability at least 1 — §, where

R 1 . 1
rw(0.0) = 5 D) g+ N @
where A > 0 and Dir,(p | 7) £ Efopln 2 is the KL-
divergence between 7 and p, and

U, (A, N) 2 In B, B[O -Lx ()] )

M is the set of all absolutely continuous densities w.r.t 7,
and r (), p, 0) is the error term. That is, the PAC-Bayesian
bound holds for every posterior p in M, simultaneously.

We may think of 7 as a prior distribution density function
and p as any candidate to a posterior distribution on the
space of predictors. The inequality (7) says that the average
generalization loss for models sampled from the posterior
distribution is smaller than the average empirical loss for
the posterior distribution plus the error terms 7, with arbi-
trarily high probability.

A learning algorithm can be thought of as fixing a prior 7
and then choosing a posterior p for which the right-hand
side of the inequality (7) is small. The latter can be viewed
as a cost function involving the empirical loss and the reg-
ularization term 7. The learned model is either sampled
from the posterior density p, or it is chosen as the one with
maximal likelihood w.r.t. p. Inequality (7) then gives guar-
antees on the generalization loss of the learned model. For
more details on using PAC-Bayesian bounds see (Alquier,
2021).

The density which minimizes fEAEAN(f)(w) +rn (A, p,0)
frp
is known as the Gibbs-posterior (Alquier, 2021) and it can
be explicitly computed, i.e.
painns (£) = Z 7 w(f) exp(=ALn(f)),  (10)
Z 2 Efrexp(—ALy ().

In particular, using standard techniques (Alquier, 2021) it
follows that

frpGivbs PEM: \ frp

E L(f)< inf <EA£AN(f)+rN(>\,ﬁ,6))

with probability at least 1 — §. One can also use PAC-
Bayesian bounds, in order to choose the prior 7 or the hy-
pothesis class F, s.t. the difference between generalised
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loss and empirical loss is within some acceptable level, i.e.
By (.C( £) = £l f)) < rn(\ p,8) < e after which
one can proceed with more standard Bayesian learning ap-
proach on just the empirical loss Ly (f).

From the discussion above it follows that it is desirable for
the bound (7) to be tight. In particular, as the empirical loss
converges to the generalization loss as N — 00, we expect
that for tight bounds the term (X, j, §) should converge
to a small, preferably zero, constant as N — oo.

4. Main Results

In this paper we derive PAC-Bayesian bounds (7) for LTI
systems. The main idea is to use the change of measure
inequality from (Germain et al., 2016, Theorem 3). The
major challenge is to bound the corresponding moment gen-
erating function/higher-order moments of (£(f) — Lx (f)).
However this brings some technical challenges. Namely,
the processes involved are not i.i.d.. Moreover, they are not
bounded, and the quadratic loss function is not Lipschitz.
In addition, the empirical loss L ~(f) is not an unbiased
estimate of the generalization loss £(f). This is specific
to state-space representations, for auto-regressive models
considered in (Alquier & Wintenberger, 2012; Alquier et al.,
2013; Alquier & Guedj, 2018) this problem does not occur.
All these issues make it impossible to directly apply existing
techniques (Alquier & Wintenberger, 2012; Alquier et al.,
2013; Alquier & Guedj, 2018).

As the first step, we replace the empirical loss Ly (f) by

N-1

W e Y0 -5 an

i=0

where the finite-horizon prediction y (¢ | 0) is replaced
by the infinite horizon prediction y ¢ () defined in Lemma
2.4. The advantage of Vi (f) over £y (f) is that Vi (f) is
an unbiased estimate of the generalization loss £(f), i.e.,
E[Vn(f)] = L(f). Indeed, since y(t) — y¢(t) is a station-
ary process, E[||y (i) —y¢(2)|3] = L£(f) does not depend on
i, and hence B[Viy(f)] = & 250" Bllly() - y(7)[3] =
L(f). Usual techniques for deriving error bounds are eas-
ier to extend to Viy(f) than to £y (f). In order to derive
upper bounds on the errors of the type (8), we will first
derive upper bounds of the type (8), for L(f) — Vn(f),
secondly we will derive upper bounds for Vi (f) — Ln (f).
then we will combine them using union bound. Doing
this might seem counter-productive, however it is signifi-
cantly easier to bound moments, E[(L(f) — Vn(f))"], and

E[(VN(f) — Ln(f))"]-

For every predictor f we define a number of constants
which will be used in the PAC-Bayesian error bound. Let
Ay, Ky, Cy be the matrices of the data generator from As-
sumption 2.1. Let us define the matrices (4., K., Ce, D..)

asD,=1— f)w,
~ T
(A, 0] . [K)] o _[(C-DC)T
Ae—[écw A},Ke_[&],oe_[ er

_ [T T
where Cy = [CT (]
Ny rows; and

]T and C has ny rows and C; has

(Ca, [0
(Cga Ba »

ifw=u,

o

The matrices A, K., C., D, represent the LTI system
driven by the innovation process e, of (y”,w”)T, output
of whichisy — ¥, i.e,

R B].,[0 D])
(Cw, By, Dy) = |

(12)

Next, choose Mgf) > 1, and let 4(f) € [¥*(f), 1), such
that ||Ak||g < M(f)3*(f), where 4*(A) is the spectral
radius of A.

Definition 4.1 (Constants G/ (f), G(f)). With these defi-
nitions,

Ge(f)é”(Aev Ke: OevDe)”él é||De||2+z HCeAI:KeHZ
k=0

Gea(f) 2 1IDellz+ D (k+ 1)[|C ALK, |5
k=0

||Egen||é1 21+ Z ||CQAZ_1K9H2
k=0

|
(1>

Gr(f)

Ao MIBIICH MICIB]
<1+||D||+ ) a5

The interpretation of the various terms appearing in Defini-
tion 4.1 is as follows.

Remark 4.2 (Interpretation of constants).

The term G.(f) is the ¢; norm of the error system, it
relates high-order moments of the infinite past predic-
tion error and the high-order moments of the innovation
noise e, of the data generator, i.e., E[|ly(¢t) — y(¢)||5] <
Gr(f)Ellleg (1))

The term G, ;(f) characterizes mixing properties (short
memory condition) (Alquier et al., 2013) of the prediction
error y(t) — y(t). Intuitively,the smaller G 1(f) is, the
more the prediction error behaves like an i.i.d process. This
constant is related to stability of the error system, i.e., the
smaller the spectral radius of A, is, the smaller this constant
is.

The term ||, ||, is the ¢; norm of the data generator, it
relates high-order moments of y and u with those of the
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noise, i.e.. B[y (t), u” ()] [13] < IZgenll7, Elleg (t)]3]-
The term G;(f) depends only the predictor f, and it
gives an upper bound on high-order moments of the dif-
ference of empirical losses Vy(f) — Ln(f) in terms
of high-order moments of y and u, i.e, it is shown
in (Eringis et al., 2023) that E[|[VN(f) — Ln())|"|| <
%Gf(f)rE[H[yT(t), uT(+)]T||"]. This terms decreases
with the spectral radius of the predictor, the more stable the

predictor, the smaller is G ¢( f).

Theorem 4.3. Let M denote the set of all absolutely con-
tinuous densities w.r.t T. Let limaz(Qc) be the maximal
eigenvalue of the covariance matrix Q. = Eley(t)el (t)]
of the noise e, from Assumption 2.1. Then for any density ©

on hypothesis class F, any § € (0, 1], and

0< A< (sup max{8(ny + nu)GeenGr(f),
feF

-1

6(ny +nu + Dty imax(Qe)Ge(£)})  (13)

the following inequality holds with probability at least 1 —26
Vp € My : EppL(f) < EppsLn(f) + 7 (N, N),

(14)

with

1 1 =
00 2 5 [ Dra(ilr) 4 g+ 50 )|

B, 2 5 (1 BB 4 B Ba()
Gy() 214 20mt DOy Qe)Gel 1))

N(l - 6(m + 1)/\ny,umax<Qe)Ge(f)2)
= 29 S(m!))‘éf(f)”EgenH%lﬂmax(Qe)
VN (1= 83mG 1 (f)[[Sgenl|?, fimax(Qe))

Sketch of the proof of Theorem 4.3. Below we will skecth
the basic steps, for a detailed proof of Theorem 4.3, see
(Eringis et al., 2023, Proof A.17). The main idea of the
proof is to show that fori = 1,2

Vp EMy : EppYi(f) < EpepXi(f)+

% Dicr (3l|) + m% 0B (050, f)]
with probability 1 — d, where Y1(f) = L(f), Ya(f) =
X1(f) = Va(f), Xao(f) = Ln(f), and then combine
these two inequalities to derive (14). In order to derive these
two inequalities, we use the Donsker-Varadhan change of
measure inequality applied to Y;(f) — X;(f), ¢« = 1,2
and the following inequalities on the moment generating
function of L(f) — Vn(f) and Vi (f) — LN (f)

E [ex\(ﬁ(f)—VN(f))} < Un1(0.5), f) (15)

E[MVN(N-Lx ()] < T 2(0.5M, f) (16)

In order to prove (15) — (16), we use the following bounds
on the high-order moments of £(f) — Vn(f) and Vi (f) —

Ln(f):

N v
a7
BV (1) ~ Ex(11] < T (G (D Zgenl,)
(18)

where o(r) and & (r) satisfies

o(r) = sup E[[le(t, k, j)|l2]

e(t,k,j) £ Eley(t — k)e] (t — j)] — eg(t — k)ey (t — j)
a(r) > Ef[ley(t)[5]

If e, (t) is sub-Gaussian, then o(7) < 37 pimax(Qe)" (M +
r—1)Land 5(r) < 2" pmax(Qe)"(m + r — 1)!. Using this
observation after some manipulation, we can derive from
(17)-(18) the inequalities (15)-(16) O

Discussion on the error bound The error bound of Theo-
rem 4.3 is relatively intuitive: it is increasing with the noise
covariance of the generator system, and with the ¢; norm
of the generator system, the error system, and the predictor.
The higher the noise covariance is, the noisier is the gener-
ated data, and the more difficult it is to predict it. The higher
the various norms and constants are, the less the generator,
error system and the predictors are able to suppress the ef-
fects of the noise. In particular, the smaller is the spectral
radius of the predictors and of the generator, the smaller is
the error bound.

Note that, as N — oo the PAC-Bayesian er-
ror term ry(A, p,d) converges to the constant
1 (Dki(p|m) +1n(3)) for any posterior p and A > 0.
That is, irrespective of p,m, the error ry > +In(§).
Usually, one chooses A = Ay as an increasing function of
N, which then allows the PAC-Bayesian error 7 (An, 3, 9)
to converge to O for any posterior p and confidence level
0 > 0. However, since by Theorem 4.3, ) is bounded by a
constant, we can not control the term § In (3 ), and hence
rn (A, p,d) will not converge to zero.

A similar problem was already observed for PAC-Bayesian
bounds for linear regression with unbounded signals and
Gaussian noise (Shalaeva et al., 2020). In the next section,
we eliminate this problem for the case when the noise e, of
the data generator is bounded.

Remark 4.4 (Relationship with bounds from (Shalaeva et al.,
2020; Eringis et al., 2021)). Note that the bound above
not only applies to a more general class of models than
(Eringis et al., 2021; Shalaeva et al., 2020), but it is also
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asymptotically tighter that the bounds of (Eringis et al.,
2021; Shalaeva et al., 2020). Indeed, the latter bounds
converge to + [Dxr(p|m) +In(3)] + cas N — oo for
some constant ¢ > 0, while the bound of Theorem 4.3
converges to the same expression but with ¢ = 0.

5. Bounded case

As it was mentioned above, for the case of bounded sig-
nals Theorem 4.3 can be improved. More precisely, in this
section we will use the following assumption.

Assumption 5.1. The noise e,4(t) from Assumption
2.1 is essentially bounded, i.e. with probability 1,
max;—1,..m |€q,:(t)] < ce, for some ¢, > 0. Moreover,

leg()l2 < C = ceym

With the assumption above y(t) and u(t) are essentially
bounded for all ¢ € Z. This then allows us to derive the
following sharper bounds.

Theorem 5.2. Let M ; denote the set of all absolutely con-
tinuous densities w.r.t . Under assumption 5.1 it holds true
that for any density m on hypothesis class F, any 6 € (0, 1],
and X > 0 the following inequality holds with probability
at least 1 — 26

Vp € My Eppllf) < Eppln (F) +Fn (M 5,0)
(19)

with the constants

1 1 -
P(0,0.0) 2 [ Draile) + g+ 80|

\i/ﬂ()\, N) £ (ln f@n\il (f) + In f%‘ﬂ‘iz(f))

N =

= 1
To(f) £ 14 1 O7G07

L MiISgenl?, 2G5 (f)

Sketch of the proof of Theorem 5.2. The proof is similar to
that of Theorem 5.2, but o(r) and &(r) can be taken as
(2C)" and C" respectively, for a detailed proof see (Eringis
et al., 2023, Corollary A.3). L]

Discussion on the bound The intuitive interpretation of
the bound of Theorem 5.2 in terms of the effect of the
noise levels of the data generator, various system norms and
stability is analogous to that of Theorem 4.3. However, in
contrast to Theorem 4.3, ) is not bounded in Theorem 5.2,
and as such we can choose A = Ay an increasing function
of N, in order to control the term ﬁ lné 1

Corollary 5.3 (Bounds converging to zero). With the as-
sumptions and notation of Theorem 5.2, then for any given

posterior p, imy_,oo TN (AN, p,0) = 0, where

InvN

>\N = = ’
C?sup pe r max{8ny Ge(f)2 4[| Zgenll7, Gy (f)}

If one chooses Ay as in Corollary 5.3, and considers
posteriors py which depend on NV, for example Gibbs
posteriors (10), then it is hard to say what will happen
with A\y' (Dxr(pn||7). This is a general issue with PAC-
Bayesian bounds. However, simulations indicate that
if Ay is any reasonable increasing function of NV, then
Ay Dxr(pn||7), will converge to some problem depen-
dant constant.

The bound above has all the desired properties, but its rate
of convergence to zero as N — 400 is very slow, it is
O( - bﬁ) In fact, using (Alquier et al., 2013), the results
of Theorem 5.2 can be sharpened as follows.

Theorem 5.4. Let M ; denote the set of all absolutely con-
tinuous densities w.r.t m. Under assumption 5.1, for any den-
sity 7 on hypothesis class F, any § € (0, 1], and X\ > 0 the
following inequality holds with probability at least 1 — 26,

Vp € Ma s EppL(f) < EpnpLn(f) +7n (A, 5,0)
(20)

where

o 1 A 1.
v (0,0.0) 2 1 [ D) + g+ (0,

50N £ 4 (1n B () +1n B ()

Uy (f) £ (1 = Cra2(f) + Cl,Q(f)€%2CL1(f))
~ 2
Ty (f) 2 (e%&ae(f)me,l<f)>202<4ce<f>c+1)2>

Cri(f) £ Gri(HZgenlle,©
Gra(f) 2 M|Cll2)| B2 (1 - %),

(
Gralf) 2 (14 D] + Gra(h)) (1 =)

Sketch of the proof of Theorem 5.4. We repeat the steps of
the proof of Theorem 4.3. However, we replace (15)
by E[rEWN-YWUD] < Wy ,(0.5), f) which is de-
rived using the extension of Hoefding’s inequality in
(Alquier et al., 2013, Theorem 6.6). We then replace
(16) with E[XV¥(N=Ex(N] < Ty ,(0.5, f). The
latter follows by using the bounds G 1(f)||Zgenlle, C -
(wém(ﬁ) on the moments E[|Vx(f) —

Ln(f)||I"] instead of (18). For the detailed proof see
(Eringis et al., 2023, Proof A.26). O
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Discussion on the bound The intuition behind the role
of the noise level, system norms and stability for the bound
above is the same as for the bounds of the previous theorems.
The bound above has the advantage that it converges to zero
significantly faster than the convergence in Corollary 5.3:

Corollary 5.5 (Fast convergence O(ﬁ). If \xv = VN,

then for any given posterior p, imy_ oo Ty (An, p,0) =0
L

with the rate of convergence O( \/N)

As before, if the posterior pn depends on NN, say, it is the
Gibbs posterior, then it is difficult to prove convergence
7N (AN, PN, 0) analytically. This is a general issue with
PAC-Bayesian bounds. However, if Dkr,(pn|7) grows

slower than Tlﬁ’ then the error bound 7x (An, P, 0) will

still converge to zero as N — oo for Ay = v/ N. Numerical
simulations reveal, for the Gibbs posterior this is the case.

6. Numerical example

For the sake of illustration let us assume that data is gener-
ated by
0.16 —0.3 0.33 —0.75

x(t+1) = [ 0 —0.05} X(t”{ 0 —0.09} ey(?)

y@] _ 11

|:ll(t)} - |:0 1 X(t> +eg(t)a
Following the two theorems in the paper, we will consider
two cases:
(1) Unbounded innovation noise: eg4(t) ~ N(0,Q.),
Q. = 0.054 0.018

7 10.018 0.248|"
(2) Bounded innovation noise: e,(t) is distributed accord-
ing to zero-mean truncated gaussian, s.t. ¢, = 1, and
Ele, (1)el (1)] ~ Q..

We will assume that the predictors are fully parametrised,
i.e all entries of matrices A(0), B(9),C(0),D(6) are
parametrised, and all predictors are second-order systems,
ie. A(f) € R2X2. Moreover in the case of w(t) =
[yT(t),u” (t)]T, we take D(#) = [0 6y]. Thus, with
3(0) = (A(8), B(9),C (), D(6)), we will define our hy-
pothesis class to be

F= {fz(e)W(A(e)) < 1,Gy(fs(p) < 10,0 € R}

We shall use the prior, 7(f) = Z, exp(—=G(f)), with Z
the normalisation term. This prior will act as regularisation,
penalising predictors with high ¢; norms. This in turn will
reduce the term Ef. (1 + ﬁeAG96"=2Gf'(f)). We will use
the Gibbs posterior px (f) = Z,m(f) exp(—=A(N) Ly (f))
In order to compute the numerical value of ry, we can
use Markov-Chain Monte-Carlo methods, which means that
we only need to be able to evaluate #(f) oc w(f), and

p(f) o< p(f). More precisely one can approximate ry, by
only being able to evaluate 7 (f) and B(f) = 2 o £U)

= wH X 7D
10*
103 :"'if:j* = T -
10% TR~
101 L >~ -7
in(\,N) x(In(VN)/g.N) ~
rn(A*,N) Fn(A*,N)
100 L L L L
100 10’ 102 108 10* 10°
N

Figure 1. Numerical simulation of both cases (bounded and un-
bounded noise), solid lines depict case of w = u, dashed lines
show case of w = [y”,u”]¥, \* is found by numerical optimi-
sation, i.e. A* = argminy rn (A, N), the black horizontal line
denotes a vacuous bound for the bounded noise case, i.e. any
bounds above that line are vacuous

In Fig. 1 we see the convergence of the error terms, for
the case of bounded noise. Note that the proposed function
An is close to numerically optimal (blue line in Fig. 1),
i.e. asymptotically Ay o In+/N, seem to be optimal, one
could try to find a less conservative scale of Ay . Note that,
in this example, for N < 460, Theorem 5.2, yields vacuous
bounds, i.e. FN(IH‘;N, p,0) > 2(Csupse 7 Ge(f))?, the
highest possible error. However for Theorem 5.4, only for
N < 64, is the bound vacuous.

For the case of unbounded innovation noise, as stated before
we see in Fig. 1 that it converges to a constant. Unfortu-
nately, since A is bounded not much can be done. However,
since the noise is unbounded it is difficult to determine if
the bound is vacuous.

7. Conclusion

In this paper we have derived PAC-Bayesian error bounds
for stochastic LTI systems with inputs. For data generated
by an LTI system with sub-gaussian noise, the error bound
is asymptotically bounded from below, which indicates that
the bound is not tight. For data generated by an LTI system
with bounded innovation noise, the error bound converges
to zero at the rate O( Tlﬁ)’ which is comparable to most of
PAC-Bayesian bounds.

Future research will be directed towards extending these
results to more general state-space representations and us-
ing the results of the paper for deriving oracle inequalities
(Alquier, 2021).
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A. Proofs

In this section we provide the proofs of theorem 4.3 and 5.2 under the assumptions stated in the main text. To do so we first
prove a series of lemmas.

Lemma A.1. For random variable e4(t) ~ N (0, Q.), the following holds

E[leg(t)[5] < tmax(Qe) 2 E[||z(1)]|3]
z(t) ~ N(0,1),
where Q. = Eley(t)el ()], and pimax(Qc) denotes the maximal eigen value of Q..

_1
Proof A.1 (Proof of Lemma A.1). First, note z(t) = Q. >e,4(t), and

leg(1)]12 = eT (e, (t) = 27 ()QZ Q2 2(t) = 27 (£)Qe2(1)

therefore
leg(t)]13 < tmax(Qe)[2(1)]I5
g5 < pmax(Qe)? [|2(2)||5
E[lleg(t)]5] < tmax(Qe)? E[||z(t)||5]

Finally, note that z(¢) ~ N(0, ).
Lemma A.2. Ifz(t) ~ N(0,1,,), then

E[|lz(t)||5]* < 4((m +r —1)1)

Proof A.2 (Proof of Lemma A.2). First, notice that the distribution of ||z(t)|l2 = />, 27 (t) is chi- distribution, as such
. F(err)
E[||2(t)ll] = 27 1)
? I'(3)
We will use mathematical induction to prove the lemma.
For r = 0, lemma holds, since
40 \ 2
012 g9 1—‘( 2 )
E[||z(t)]|5]° = | 22 ) =1<4(m-1), YmeN. (22)
2
for » = 1, lemma holds, as
B[l2(t)ll3] = 2%
? I'(3)
Notice that, for scalar x ~ A (0, 1)
p(u)
E[|x|"] = 25 —2
I = 25 —Z

It is also known that

therefore,
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Applying this to £k = m and £ = m — 1, we obtain

o (L) (m—l)!!\/i, m odd
272 — T
VT (m — 1, m even
QT—lF(%) ) m=2)14/2, (m— 1) odd, (m even)
VT (m —2)!1, (m — 1) even, (m odd)
Now notice,
W m+1
(=) 2 (ﬁ? | (m — 1!
E[||z(¢)|3] = 22 2~ — — = Cm
43
o _ %, m even
" lVE modd
notice that ¢,,, < 2 for all m, and therefore
(m—1)!l
E[||z(t)|l2] < 2 gy < 2m = D! (23)

Then
E[||z(t)|2)* < 4((m — 1))

Note that ((m — 1)!1)2 < m!. We can see that by contradiction: assume that ((m — 1)!)2 > m!. Notice that m! =
m!(m — 1)!! and hence ((m — 1)!")? > m! implies (m — 1)!! > m!l. As (m — 1)!! must be less than m!! we have a
contradiction. Therefore ((m — 1)!!)? < m! holds and we have

E[[l2(t)]|3)* < 4ml.

That is, we have shown that for » = 0 and » = 1 Lemma A.2 holds.
Now suppose that for all k > 2 and forall0 <r < k

F( m—+r )
I'(%)
We will show that (24) holds for » = k + 1 too. To this end, notice that

I m+k _T m+k—2+1 :m—l—k—ZF m+k—2
2 2 2 2

Using this relation we obtain
r +k 2 T m+k—2 2
ok (7) (2 (T) (2m+k—2>
I'(3) r(3) 2

- (2’“2"’“;2;2‘))2 (2m +2k — 2)2.

Now k — 2 € [0, k], so we can apply to it the induction hypothesis. That is, for r = k — 2, (24) holds, i.e.,

3]

2%

<4(m+r—-1), (24)

w3

(25)

rF(err)
(22 F(%) ><4(m+r—1)!:4(m+k—3)!.
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and therefore

4

<2§F(5Lk)> <d(m+k—3)! (4(m+k 2)2)
=4(m+k-3)!(m+k—-2)(m+Fk—2).

Using (m + k — 2) < (m + k — 1), it follows that

(2”1?72/;;2)) (2m+§_2>2 <AlmAk—3)(m+k—2)(m+k—2) < d(m+k — 1)

Substituting the last inequality into (25), it follows that (24) holds for r = k + 1.

Lemma A.3. For random variable z ~ N (0, I.,,), the even moments of ||z||o are bounded by
E[||z]3"] < 2"(m +r — 1)!

Proof A.3 (Proof of Lemma A.3). Clearly ||z||2 has the chi distribution,

L T(252) | T(g 4)
Ellalf}] = 2% 27 =22
: () r(3)

notice % < m, then

(m+r—1)!

Eflz]l3] < 2= < 2"(m 41 - 1)!

Combining Lemmas (A.1 and A.2), we obtain the following lemma.
Lemma A4. Letr € N

E[leg(t)[3"] < pmax(Qe) 2" (m +7 — 1)!

Combining Lemmas (A.1 and A.3), we obtain the following lemma.

Lemma A.5. Letr € {1,3,5,...}

E[[leg(t)[15] < 2ftmax(Qe) 2 v/ (m +r — 1!

Lemma A.6. Let z(t) be any stationary process, and r € N, then for a stochastic process s(t) = >~ apz(t — k), with

Y reo llow|| < +oo, the following holds

Eflls(®)["] < (Z IIakH) E[l|z(#)[|"]

(26)
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Proof A.4 (of Lemma A.6).
| Z oz(t — k)"

k1=0 k=0

E[[ls(?) <E

(i el - k>||ﬂ

k=0
>‘| 00 oo ( r
ki=0  k,.=0 \i=1
By the inequality of arithmetic and geometric means

111z =kl < = ZII (t—ki)|I" (28)
1=0

E le(tki)IID 27)
=0

then
T 1 T

E |[]lz(t - &) ;ZHZ(t— IIT] ZE |z(t — &:)[|"] (29)
i=0 i=1

By assumption z(¢) is stationary, therefore E[||z(t — k;)||"] = E[||z(¢)]|"], i-e. E[||z( )||”] does not depend on k;, and so we
obtain the statement of the lemma

El[ls@)"] < E[[l2(t)[|"] Z Z(Hllak |I> (ZII%H) H=z(®)["] (30)

k1=0 k=0

Lemma A.7. Let r € N, then with notation as above the following holds

Elll200 (1) — 2,(1)|7] < 47" (W) B H ] G1)

)

Proof A.5 (of Lemma A.7). Notice that the process s(t) = zo(t) — z¢(t) = y£(t|0) — y£(t) can be expressed as:

4

s(t) = <i CAF'Bw(t — k) + Dw(t)> — (i CAF'Bw(t — k) + [)w(t)) (32)
k=1 k=1
Y A Bw(t - k) 33)
k=t+1

in the case of w(t) = u(¢)

y(t—k)
s(t) k;dCAk lButf Zakt s,1) { (t— kz)] an
with
_ARk—11
%t(s,l):{{o o4 B}, k>t+1 ,
b k<t+1

In the case of w(t) = [yT(t) uT(t)]T

Z CAF- 13[ ] ZaktSQ [ y(t = m (36)

k=t+1
with

(37

—CAM1B, k>t+1
(52 = k<t+1
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Notice that in both cases we can upper-bound with the same quantity ||a (s, 1)]] < [Jou(s)], and |lag(s,2)]] <
lev, e ()| with

A k=17 >
IIakt(s)ll{”CA Bl kzitl (38)

0, k<t+1

Since w(t) is a stationary process, and by assumption predictors are stable, i.e. all eigenvalues of A are inside unit circle,
thus >-27 o [l ()| < 400, Vt > 0, we apply Lemma A.6, and obtain

y(?)

u(t)

E[ls(t)"] = Elllz (t) — 2 (¢ (Z e ) H

= <k§+1 ||é|||151’“—1||||B||>TE [H [ﬁﬁiﬂ

with || A¥|| < MA*, for some M > 1and 4 € [¥*, 1), where 4* is the spectral radius of A, then with a sum of geometric
series, we get the statement of the lemma

] (39)

] (40)

~t T T
r ; gl y(t) }
Ell|zo(t) —z¢(t < ~ E . 41
ls(t) ~ 2701 < ( =) e |5 @
Lemma A.8. Let r € N, then with notation as above the following holds
- NNBWCH H[ﬂﬂ-q
Ellzec(®)]|"] < [ 1+ D+ ——"21) E 42
(PMOT ( 15+ 2 il @)
Proof A.6 (of Lemma A.8). Notice that z (t) = y(t) — ¥(t) can be expressed as
In the case of w(t) = u(t),
oo R o0 t _ k
Zoo Z F=1Bu(t — k) — Du(t) = Zak(zoo, 1) [igt _ kﬂ 43)
k=1 k=0
with
I -DJ, k=0
k(Zoos 1) = Al . (44)
0 —CAIB|, k>0
in the case of w(t) = [y (¢),u”'(¢)]"
— A iko1p [YE—K)] A [y(t = t—k
2o(t) = (1) = 3 CAE [ﬂﬁt - kﬂ P [ﬁﬁtﬂ =2 onls,2) [ﬁﬁt - kﬂ @
k=1 k=0
Recall that in this case, we assume D = [0, Dy, note that || D|| = || Dy|| and thus

_I k=0
(700, 2) = =Dl (46)
—CAF1B, k>0

Note that in both cases we can upper-bound with the same quantity, i.e. ||ax(Zeo)|| < [k (Zso)]ls
llevk (200 [l

(200, 2) || <

1+||ZA)||, k=0
ar(zs0)|| < . n . 47
H #(Zoo) || < {|CA’“1B, k>0 “7)



PAC-Bayesian Bounds for LTI systems

Since, in both cases, > _p-  [|ax(zs0)|| < +o0, due to stability of the predictor, and [y” (¢) uT(t)]T is stationary, we
apply Lemma A.6, to both cases, and upper bound by (47), to obtain an upper-bound for both cases:

B [[a(6)"] < <§||ak<zoo,1>||>4E BT @)
< <||I||+||b||+]§||éfik1B||>TE T “9)
TR

Lemma A9 Let € N, the with notation as above,the ollowing holds
B [la (0] < <|I|| + 1D +M”ﬁ”iC')E [N 51)

Proof A.7 (of Lemma A.9). Notice that the process z¢(t) = y(¢) — y(¢|0) can be expressed as:
In the case of w(t) = u(t)

t [e'e)
21(0) = y(t) = 32 CA Bute — 1) - Dut) = Y- antar 1) 560 7)) 52)
k=1 k=0
with
I —ﬁy k=0
ar(zs,1) =< [0 _éAk—lé] C0<k<t (53)
0, k>t

In the case of w(t) = [yT (¢),u” (¢)]T,

vt S EA g [YE=R] O] S g o) [YER)
(0 =¥ - 320 0 - o) =3 cuter? b (54
with
1 o] -D, k=0
ar(zf,2) =4 —CA1B, 0<k<t (55)
0, k>t

Note that for both cases we can upper-bound by the same quantity ||ax(z¢,1)|| < |lax(zs)]], and ||ax(zf, 2)|| < |lax(zf)]]
with

14 |D], k=0
o (zg)|l = ||CA'/A1}“715€||7 0<k<t (56)
0, k>t
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Since by assumption predictors are stable, we apply Lemma A.6 and obtain

st = (Zote) =[]

] (57

. A 1A " 11"
< <||I|+||D||+Z||0A'f 1B||> B[] ] 58)
k=1
S [ O
<||I| D]+ NIBIICT Y 5 ) e[| (59)
k=1
-\ & [ @
= (s o+ ansmer =2 ) = || 50| (60)
Notice that 4 > 0, V¢, thus we obtain the statement of the lemma
. - M| B|||C y(t)
E las(0)]] < (un + 1)+ 220 ”) T4 1)
Lemma A.10. Let r € N, then with notation as above, the following holds.
Ol .
B||[X0]] ] = 120l ntes ©)
with
IS genller = 111+ 1Co AL Ky (63)
k=1
Gr(ey) = 2%MmaX(Qez)%(nu Tyt DL l:S even (64)
2imax(Qe) 2/ (ny + ny + 17— 1)1, 7 is odd
Proof A.8 (of Lemma A.10). Note that [zgﬂ can be expressed as
YO _ iC’ ALK e (t — k) + ey Za Je,(t — k) (65)
u(t)| — g4tg 9%g g kY, W)€y

k=1

with e(t) stationary, we apply Lemma A.6 to get

s[|[50]] ] = (;:||ak<y,w>||>rE[||eg<t>|m (66)

Let us denote ||Sgenlle, = > pey llow(y, w)||, the £1 norm of the generative system. Furthermore we can apply Lemma
A.4 and Lemma A.5 to obtain,

2% fmax (Qe) 2 (N +ny + 5 — 1)1, riseven
2tmax(Qe) 2 \/(y + 1y +7 — 1)1, 7is odd

Ellles(1)3] < Gr(eg) = {

with this we have the statement of the lemma.
Lemma A.11. Letr € N, and r > 0, then for a,b € R the following holds

(a + b)QT S 22T—1a27' + 227"—1b27‘ (67)
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Proof A9 (of Lemma A.11).

2r
(a+0b)%" = 22" 21 (a+b)*" = 22" (;(a + b)) (68)

since ¢(z) = 2" is convex for 7 > 0, we have by definition of convexity

(;(a—&-b))% — o (45 < o+ 3600 (©9)

thus we obtain the statement of the lemma

2r

2
(a+ b)2r S 7(CLQT 4 b2r) — 22r—1(a2r 4 b2r> (70)

Lemma A.12. Let r € N, then with notation as above, the following holds

(Ny +ny + 17— 1)!

E[|Vi(f) = Lx ()7 < N (4GgenG ()" (71)
with
A 0 MIBJICIY MIC|B
G =11 D 72
/(5) <+| I+ ) s )
éyen = ”EgenHZHmaX(Qe) (73)

Proof A.10. with zo(t) = y(t) — y¢(¢), and z;(t) = y(t) — ¥(¢|0), we start by applying triangle inequalities

E[[Vi(f) = Ln()II"]

1 N-1 r
(N PIENOIE |zf<t>||2|> ] (74)
t=0

N—
ZHzoo WP = llz )1
t=0

N-1
E[|Va(f) = Ly (DI € = NT > ZE [HHZOO 2|Zf(tj)||2|] (75)

th=0 =0 |j=1
Now using the fact that |a® — b%| = |(a — b)(a + b)| = |a — b|(a + b), since a,b > 0, we get

N-1
E[|Vx (f) = Ln(f) Z ZE [Hllzoo )= Nl (t ’)|||(|Zoo(tj)||+”Zf(tj)”)] (76)

t1=0  t.=0 j=1

We apply Cauchy-Schwarz, i.e. E[XY] < [E[XY]| < \/E[X?|\/E[Y?], with X = [[}_, [[|Zec(t;)]| — llzf(t;) ||, and
V= [Tj=1 (2o (£)1 + ll2£ ()],

N-1

N-1 r
E[|Vn(f) = Ln(HI'] < % o> [H lzoo (£5)1 = [l24 (2 ')|||2] E [H (lzoo (£5)1 + IIZf(tj)|)2]

t1=0  t.=0 j=1
(77)

For now let’s focus on E |:H;:1 1Zoo ()] — |z £ (E5)]] |2] , by applying reverse triangle inequality we obtain

{Hlllzoo ) = lzs ()] ] <E[H 1700 (£) — 2 )IIQ} (78)
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now we apply the inequality of arithmetic-geometric means

E (] lzec(t) = 24 (1) 2] ZE|Zoo )~z ()]1*'] (79
i=1

by applying Lemma A.7, we obtain the first term

| < (Aens g v
[HIIZOO e >|||]s< o ) B[]

Now for the second term E [H =1 UlZoo ()| + |z (25) ||)2} , we apply the inequality of arithmetic-geometric means

T

2r 1
] - Z ,3/27'25]' (80)
r-

Jj=1

E[H<||zoo< N+ Il (1 ] ZE[||zoo )+ Nz )1 81)

Jj=1

By Lemma A.11, we obtain

fZE [lzoc ()11 + 112, ()1)] <

By Lemma A.8 and Lemma A.9, we obtain

T

— > (B [lzeo ()] + E [z (t)*']) (82)

Jj=1

22r 1

2r—1 T o T . B o

ZT ;(E [lzoe (t5)]12"] + E [llz5(t;)|*]) < QT 2 <1+||D||+W> E Bgﬂ ] (83)
s M||B||||0|| v |
=22 <1+IID — ) E Hu(t)} ] (84)

Now taking (84) and (80) back to (77), we have

E[[Vv(f) = La (DI < % [HIIIZOC ) =l (t -)|||2] [H 1200 ()| + [|25 (¢ ‘)II)ZI

Jj=1
N-1 N-1 r
! M|ClIBI YO L= 2o,
< 3 ar
N7 1—% t 7 4
t1=0 t,-=0 j=1
A M| BJ||C
J2 <1+||D||+ 151 ||>

A e o <o MBIet (anensi iyl
B[ Va(f) — £x ()" < 2 <1+|D||+ - ) ( = )E Hu(t)} ]
N—-1 N-—1 r

1 1
v~ Z A2rt; - (86)
DI EDS

t1=0 t,.=0

H~

[

] (85)

Note that we can write

7
7
.
F
P
.

1 1<~ . 1 I o
D DR DN ED SLEC T DR SECD B atd (87)
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thus we can apply Jensen’s inequality for concave function ¢(z) = /z, i.e. ¢ ( ToT Yics xl) > m > ics ®(;), thus we
obtain

1 N-1 N-1
=S

t1=0 t,.=0

r

L 2,21t 1 -
P S 3!

j=1 t1=0 t,.=0

—_

A

Z 421t (88)

=
ﬁ

Now by commuting the sums we get

3

S| =

1 N-1 N-1 N-1
D IEDMEOMLENEI I 3 )
t1=0 t.=0 j=1

t1=0 t,=0

now notice that 42* only depend on one sum, for which we can use the sum of geometric series, after which the same term
will be repeated N =1 times, therefore

N-1 r
1 Nr—11 — A2rN 1 1 — A2rN
- Z Z Z 72th = - N7 1 _’YA 2r = \/T 1 _’YA 2r (90)
t1=0 "= v N v
since 42N > 0, and (1 — 4)% < (1 —4%")2, since
(1-9)F <(1-4)0+4")* o1
1< (14497 (92)
we obtain
; 2 S MBI ( sicnis) ’ [y(t)} o
E[||V; - L "< 14+ ||D]| + A E 93
Vi ()~ £ ()" W( 1Dl + =522 Ty ¥ ©3)
We can apply Lemma A.10, to get
y®]|
50 ] < Sgenl[F Cirley) o4
since 2r is always even, then
Gar(eg) = 2" thmax (Qe)" (N + gy + 7 — 1)1 (95)

and with this we obtain the statement of the lemma

e 2 e arilein:n
EmvN(f)—ﬁN(f)n1sﬁ<1+nDn+ s ) (Owg)

NZgenl7; Himax(Qe) (nu + 1y + 7 = 1)1 (96)

with some algebraic manipulation we get

B[V (/)L (f)[r] < et £r =1t <4 (1 +1D] + M”Bliml) i, ||zgmzumax<@e>> o7

VN 1 (1-4)3
Lemma A.13. With notation as above for 0 < A < —=———=—= followmg holds
BNV -Ex (] < 1 4 (ny + ny)! ANGyenGy(f) )

= \/N 1— 4)\(ny + nu)égent(f)
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Proof A.11 (of Lemma A.13). with X = A\|[Vx(f) — L (f)|

A" . N (g +ny+r—10, r
Vn (H=Ln ()] — v E—
B[N () -£x (D)) H; BV () - /jN(f)|]§1+;F N (4GgenGy (1))

Furthermore, with n,, = n, +n,

(ny +7r—1)! o+ 1ne +2 ny+r—1
= Nyy!
7l 2 3 r

and as % < ny, for all » > 1, then

N +17 —1)! _ Nw) N . ,
% <! (ng) :nw!(ntjﬂ) — n: ()" = (M — 1)! (1)

this allows us to write

E[A VN (D=Ln ()] < 1 4 (= D!

< WZ (4X1 CoenCp (£))"
r=1

the infinite sum is absolutely convergent if
4)\an_¥genC_v'f (f) <1

that means that

1

<A\ < ————
4angent(f)

under this condition we can write

A w— D! 4y, Ghen G (f) Ny! 4ING yer Gt (f)
Bl VE(D—Exn () < 14 genGr(f) Tl gen Gy (f
[e ] - \/N 1- 4/\angent(f) \/N 1- 4/\angent(f)

Lemma A.14. Lety,(t), ¥, (t), V1. (t|s) € R denote the v’th component of y(t),§ £ (t), ¥ s (t|s) respectively,

|I>

L) £ Bl§70(0) — yo(®))] = _lim_Bl(7.(ts) — yu(1))?)

N-—
A 2
VN,I/(f = N Z yf7 —yu(t))
and let o (1), be such that the following holds.
o(r) 2 supEljle(t, k, 1))

Qe eyt Rl ), k=i
elt.lo) = {—egajk)ej;f(tg—j), oy

Then the raw moments are bounded
) 1 )
E[(Ly(£)=VNu(f))'] = o (r)dlr - DG(f)*

Proof A.12 (Proof of Lemma A.14). The prediction error can be expressed as

(yo(t) =¥ sl Z ey (t —

99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)
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with

D.., k=0
=) =30 g g

where D., = 1,D,, and C,, = 1, C, denote the v’th row of matrices D., C. respectively. Then generalised loss £, (f)
for component v is expressed as

L,(f) =E[(y,(t) =5 (1))%]

o) 00 T
=E |trace (Z apeq(t — k)) (Z apeq(t — k))
k=0 k=0

oo

T

= E apQeoy,
k=0

and infinite horizon prediction loss is

1 N—-1
VN,v(f) - N (Yl/(t) yf,u(t))z
t=0
1 N-1 o) oo oo
Lo(f) = Vvu(F) = Do arQeai =YY arey(t — k)ey(t — j)ai
t=0 \ k=0 k=0 j=0
1 N—-1 © oo
= N @ e(t7ka.])aT
N t=0 k:sz::O * !
- frrace(Qe) — eyt — W)L (t— 7). k=
t.k,j)= g
et 1) {—eg(t—k)eg(t—ﬁ, k#j

For ease of notation let us define

then

Note that, with i.i.d. innovation noise e (t), if
te— ke & {ti — ki ti = Gi}Z)
Atp = jr & {t: — kiyti — ji}i2)

or similarly

{tr —kn,ty — jo} O {ti = kisti = ji}i2) = (108)
then z(¢,, kr, j-) is independent of z(¢;, k;, j;). Moreover, notice that E(z(t,, k., j.)] = 0. Hence, if (108), it holds that
r r—1
E [z ki)| =B |[] 20k, 00) | Blattr, k. )] = 0. (109)
=1 =1 ~

Let us denote

Z={t; —ki+ ke ti — ji+ ke ti — ki + Gy ti — i G Yot
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Then using (109) for those {¢;, ki, 7; }]_, which satisfy (108), it follows that

E[(L,(f) — Vi (f i Y Y Y YE

t1=0 t,—1=0 k1,j1=0 kr,jr=0t,.€Z

Hz(tz,kz,jl)] :

=1

Note that

E <|E <E

H'Z(tl7kl>jl)|] ~

=1

| ECRIED) | ECRIED)
=1 =1

Let us focus on |z(t;, k;, 7;)|:

|z (t1, ki, gi)| < o, |2l ll2lle(tr, ki 5i) |2
'8 '8 T
E le(tlvklvjl)] < [Tl N2l |12E Hle(tz,kz,jz)lzl
=1 =1 =1

Then using Arithmetic Mean-Geometric Mean Inequality, (Steele, 2004) we have

H ||e tlyklajl ||] ZE He tla’ﬂm]l)” ]

Now, let o(r), be such that the following holds.

o(r) > fl;I;E[He(t, kD]

Then, 2 >~ E[lle(t;, ki, j1)||5] < o(r) and then from (111) it follows that

E H|e<tz,kl7jz>] < o(r)
=1

Combining this with (110), it follows that

N-1

S Y % Y e Tlaslelanl:

r—1=0k1,j1=0 kr,jr=0t.€Z

N-1
. 1
E[(Eu(f) - VN,u(f)) ] S W Z
=0 ¢t
and the quantity o (r) [T,_; ||, ||2]l@j,||2 does not depend on ¢,.. Moreover
Y o) [Tllawlallasllz < o (r) TT e l2llay, 12121,
€2 =1 1=1
where | Z| is the cardinality of the set Z. Note |Z| < 4(r — 1), therefore
Y o) [Tllewll2llagllz < o(r) TT llow N2l 24 (r — 1),
t€Z I=1 =1

Combining the latter inequality with (114), it follows that

N— N—-1

BI(L(f) ~ Vs (D)) < 7 or)ar=1) S o S [Tlowlallas

1=0 tr—1=0 k1,j1=0 kr,jr=01=1

Ju

~

(110)

(111)

(112)

(113)

(114)

(115)
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Now notice

o0 2T o0 r
fr = (zakna) _ (z |ak|2naj2)
k=0 k,j=0

[eS) o r
=S S Tlenlelionls

k1,j1=0 kr,jr=01=1

therefore we obtain

E[(L,(f) = VNu(f)] <

tr_1=0
< TNrfla(r)él(r - 1)Ge,y(f)2T
< %0(7”)4(7’ - 1)Ge,y(f)2’"
and since
”a ( )”Z HlVDen S||l)€||7 k:O
11,C AL K| < [|CeAET K|l k>0
then

GE,V <Ge= ”Den + Z ”CeAleC_lKe”
k=1

and since 2r > 1 we obtain the statement of the lemma

E[(Eu(f) - VN,V(f))r] <

—

a(r)4(r = 1)Ge(f)*

Lemma A.15. with notation as above the following holds

BI(L(f) = Vw(£)'] £ 2o = DG
Proof A.13 (of Lemma A.15). By definition

1 N-1 N—
DR Z Ar = 1)Geu (1)
t1=0

L() =Ely(®) =5, (3 (0) =570 =D _Ellyu(t) = 97.0)°] = > Lu(f)

1 Nl " ny o N-l ! ny
=~ ¥t —yr@®) =2« 2_(u(t) =950 =>_ Vau(f)
t=0 v=1 t=0 v=1
then
E[(L(f) = Vn(/ (ZL VN,V(f)> ] =ZZE [1e Vo

Then using Arithmetic Mean-Geometric Mean Inequality, (Steele, 2004), we get

% 22:1(51/7;(]0) — V., (f))", and thus

E[(L(f) - Z Z Z E|( — Vi,

ur_l

wi(£))

(116)

(117)

(118)

(119)

(120)

(121)

(122)

[Tt (Lo, () = VN (f)) <

()

(123)
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E[(L(f) = VNS> > % > %o(r)él(r — )G ()™ (124)
= Lo(r)A(r — DG () (125)

Lemma A.16. let m = n, + ny, then for r > 2, the quantity
o(r) = max { (tmax(Qe) 4(m + 1 — 1)!), (fhmax(Qe)"3" (M + 7 — 1))} = pimax(Qe)"3"(m + 1 — 1)!
satisfies

o(r) = sup E[[le(t, &, 1)|2]

2oy

Proof A.14 (Proof of Lemma A.16). Recall that

—ey(t—kel'(t—j5), k=3
e(t7kf’j): QC eg( T)eg(‘ .])’ ]
*eg(t*k)eg (t—1J), k#j
First let us take the case when k = j. Then
E[lle(t,k, 1)lls] = E[l| — eq(t — k)eg (¢ — )]l2]
Again as e4(t) is i.i.d. we have
Eflle(t, k,D)l5] < Ellleg(t — k)[[2]E[lleq(t = j)I2]
and due to stationarity of e,(t), we have E|||le,(t — k)||5] = E||eq(t — 7)|5]. therefore
Ellle(t, k,0)3] < Ellleg(t)[|5]*
and again due to stationarity of e4(t), the moments do not depend on ¢, and using Lemma A.5 we obtain
(1) 2 pmax(Qe)"4((m +r —1)1) > E[[le(t, k, 1)|5]*
Now let us take the case when k = j. Then

Ellle(t, k, D3]

E[||Qc — eg(t — k)eg (t — k)[3]
< E[([|Qcllz + lleg(1)13)"]

B|Y (1) 100 ey 01

Jj=0

I

_ (]) 1Qels 7 Elley (D117

Jj=0

As Q. is a positive definite matrix, ||Q.||2 = fmaz(Qe), and hence

E([le(t, kD3] < ") tima(Qe) B ey (1)][3]
P (J) !

using Lemma A.4 we obtain
r _ r r—j BYi .
Ellle(t, k, D)ll5] <> (J) frmax(Qe)” ™ fmax (Qe) 27 (m 4 j — 1)
j=0

< e Q)" (;") 2 (m+ - 1)\
0

j=
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Since for j < r, (m+j — 1)! < (m +r — 1), hence

Elle(t, k1) 2] < ftman(Qo)(m + 7 — 1)) <T> o
=0

j=0

Notice 3" = (1 +2)" = 37 (;) 29 hence

Elleg(t,k,0)[3"] < fimax(Qe)"3"(m + 1 — 1)!
Hence,

o(r) = max {ftmax(Qe) 4(m +r — 1),
Mmax(Qe)T3T(m +r— 1)'} .
As we are interested in moments higher or equal to two, i.e. » > 2, then

U(T) = Umax(Qe)rST(m +r— 1)'

Lemma A.17. For A < (3(m + 1)ny timax(Qe)Ge(f)?) !, the moment generating function is bounded

2
S N T3+ DAy e (@G (1))

Proof A.15 (Proof of Lemma A.17). We can bound the moment generating function via series expansion. First note that
E[L(f) — VN(f)] = 0, and hence

E {ez\(ﬁ(f)—VN(f))} 2 _(m + 1! (BAnypimax(@e)Ge(/)°) (126)

>

CBIL() - Vi ().

B {eMg(f)—vN(f))} =1+ AE[L(f) — VN (f)] + i
r=2

3

Then using Lemma A.15 we get

E [e/\(ﬁ(f)—VN(f))} <1+
r=2

(r)A(r — 1)Ge(f)*" (127)

T T
Yy
TN
Now using Lemma A.16 we obtain

E [eAw(f)—VN(f”] <1+ % i MMT — 1) (3ny Mtmax (Qe)Ge(f)?)"

r!
r=2

Notice that 4(r — 1) < 27, for r € N. Furthermore

(m+r—1D _m4+1Im+2 m+r-—1

r! m 2 3 ' T

and as =1 < ™l forall r > 2, then

M<m!(m;1>r1:m!( +1)r:2 m)! (m+1>7"

r!

Hence, we can derive the following inequality:

2 m! o r
B[ MO <1 5T ST (30m D)€ ptna(Qe)Ge (1))
r=2
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Notice that if
13(m + 1) Ay pmax (Qe) Ge ()?] < 1,

then the infinite sum 300, (3(m + 1) Ay fimax (Qe)Ge(f)?)" is absolutely convergent, and

- oy (B0m + DAy inan(Q0)Ge (1))’
; (m+ DAy pnex Q)G () = {50 =y x (0 GL ()

To sum up, if

A< (B0m + Dnypiama(Qe)Ge())?)

then

2
B[ M- <142 2 m! (3(m+ DAnypimax (Qe)Ge(£)?)
Nm+11=3(m+ 1)Anypmax(Qe)Ge(f)?

2 (m—|— 1) (3/\ny,umax Qe 6 2)2
sl+w N (1 — 3(m + 1))\nyumdx( e) (f)2)

Lemma A.18. For measurable functions X (f),Y (f) on F, With probability at least 1 — 6, the following holds

1 . 1
Vo EppX(f) < EppY (f) + 1 | KL(AIm) +1n 5 + Tr(X, N) | (128)

with
U, (\,N) = In B E[e?X DY) (129)

Proof A.16 (of Lemma A.18). Let us apply the Donsker & Varadhan variational formula to the function A(X (f) — Y (f))
it then follows that

SUp(AE; s X (f) — AEf3Y (f) — KL(p|7)) = In EfopeM X H=YE), (130)
p
In particular,
eS1PsAE s X(D=ABspY (N=KL(pIm) = gln Bprarn®™ D7D _ g AX (=Y (£) (131)
and hence
E[esupﬁ()\EfNﬁX(f)*)\EfNﬁY(f)*KL(ﬁH“))} - E[EfwﬂeA(X(f)*Y(f))] — (132)
EfNTrE[e/\(X(f)—Y(f))] — ¢¥=(AN)
with
U, (\,N) = In B E[e?X DY) (133)
Hence,
E[esur’,;(AEf'wX(f)*AEwa(f)*KL(ﬁHW)]6*‘Pw(A,N) -1 (134)
Since

E[esPsAB s X (N =AB 1Y (1)~ KL(RlIm) g~ ¥n WN) _

B[P AErep X (F)=ABp Y (F) = KL(plIm)—¥=(AN)] (135)

it follows that

E[esupﬁ(/\Ef~;sX(f)—>\Ef~pY(f)—KL(ﬁHW))—‘I’w(A,N)] =1 (136)
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By Chernoff’s bound applied to the random variable X' = sup;(AEs~;(f) — AE; ;Y (f) — KL(p||7)) — WA (A, N) it
then follows that for any a > 0

By choosing a = In %, it follows that

and hence,

By substituting the definition of A’ and regrouping the terms, it then follows that
RSB X(f) = ABp~Y (f) — KL(7lm) < I+ e (4 N)) > 19
Note that
(6 | SUPOE g X () = AE g (1)) = KL(plm)) < In s + W20, N)} =
(@ 1995 BpnpX(f) < Bpeg¥ (D6) + 5 | KLGIW) +10 5 + 02003

and hence it then follows that with probability at least 1 — §, the following holds

1 1
Vo EpnpX(f) < EpnpY () + {KL(P?HW) s+ Tx(A, N)} ; (137)

Corollary A.19. By Lemma A.18, and Lemma A.17, for 0 < X < infscr (3(m + 1)nyumax(Qe)Ge(f)2)_1, with M,

denoting the set of all absolutely continuous probability densities w.r.t. w, then with probability at least 1 — 9, the following
holds

1 1 -
Vo€ Ma: EppL(f) < EnpViv(f) + 5 [KL(ﬁIW) < W (), N)] ; (138)

with

(139)

~ A ‘ 2 (m + 1)' (3/\ny,umax(Qe)Ge(f)2)2
Uri(AN) =By (1 + N —3(m+ 1))\ny,umax(Qe)Ge(f)2)>

Corollary A.20. By Lemma A.18, and Lemma A.13, for 0 < X < inf fe 7 (414G gen Gy (f)) ' with M, denoting the set
of all absolutely continuous probability densities w.r.t. 7, then with probability at least 1 — ¢, the following holds

~ 1 1 —~
VPEMF : EfNﬁVN(f) SEfNﬁEN(f)+>\|:KL(ﬁ||7T)+ln5+\IJ7T,2()‘7N):| ) (140)
with
~ +ng)! ANG yen Gy (f)
VoA, N) 2 InEfor 1+(n"’ gen —J 7 _ 141
20 N) = InEy < UN 1= 4\(n, + 1) GyenGr(f) (141)
Lemma A.21. For
~ 1 _ _ —1
0 < A< 5 ((sup max{3(m + 1)1y fmax(Qe)Ge (F)2, 40 CoenGr ()} (142)

fer
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with probability at least 1 — 20, the following holds

1 U
KL(p||m) +1In~ +

. 1
Vo€ M s Epopl(f) < Epnpln(f) + 5 5

(143)

with

~ 2
o i 5 (m+1)! (63, 1mux(Q0) G ()?)
Hrr G = B O A I | N T G+ Dyt @06 (1)) e

~ - - ! Xee.
T a2 N) = Uy sy N) = In By [ 14 Pttt 8ACuenGr () (145)
VN 1—8X\(ny +ny)GyenGr(f)
Proof A.17. we have
PweS)>1-14 (146)
PlweS)>1-4 (147)
with
1 1 -
S1 £ {w c Q|Vp e M, : Ef,vﬁﬁ(f) < EfNﬁVN(f) + X |:KL([)|7T) + In g + \I/ml()\, N):|} (148)

A A R 1 ~
S22 (e € Mys Epeg() < Epepln(f) + 5 [KLGID +1u5 + T2 0]} (149)

> =

with A denoting the complementary set of A,i.e. A =Q\ A

Plwe S)<é (150)
PlweS) <6 (151)
(152)
Thus by union bound we get
P(we (51US8)) <26 (153)
and thus
Pwe(S1NSy))>1-26 (154)

with this we can write: with probability at least 1 — 24, the following holds

(155)

R 2 X 1 oo\ N)+ U, 1 (\,N
Vp e Mui Bipl(f) < Eppn(f)+ 5 |KL(plm) +1n 5 + 2 >2 al >]

In order to bring this to a more common way of writing PAC-Bayesian bounds, let us define A = 0.5\ ¢ A = 2], thus we
can write, for

0< A< 1(sup max{3(m + l)ny,umax(Qe)Ge(f)Q,4nwégené’f(f)})_l (156)
2\ jer

with probability at least 1 — 24, the following holds

. 1 1 U
Vp € Mxn: EpopL(f) < EpupLn(f) + 3 KL(plm) +1n 5 +
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with

~ - - 2 (m + 1)' (Gj\nyﬂmax(Qe)Ge<f)2)2
A @A) = e O ) = e | e R e (@) (1)) (159

~ - - ! NG G
Tpa(20N) = Upn(AN) =InEyoy |14 (ny + 1)t BAGgenGy(f) (159)
VN 1—8X\(ny +ny)GyenGr(f)
A.1. Bounded noise

In this section we state the lemmas and proofs associated with bounded innovation noise case.

Lemma A.22. Letey(t) € € C R™ ", be a zero mean, independant, and bounded stochastic process, s.t. |eg4.;(t)] < ce,
Vie{l,...,nu+ny}, ieey;(t) is the i'th component of e4(t)

Ellleg(t)]"] < (cey/ny + 1) (160)

Proof A.18.

T

nu+ny

> ) = (Yournd) =y as

i=1

E|

Lemma A.23. Letey(t) € € C R™ ", be a zero mean, independant, and bounded stochastic process, s.t. |eg4 ;(t)] < ce,
Vi e {1,...,nu+ny}, i.e ey ;(t) is the i'th component of e4(t)

o(r) = (2¢Z(ny + )" 2 sup Ellle(t, k. D3] (162)
et k1) = Eley(t — k)e) (t —1)] —eg(t — k)e} (t — 1) (163)

Proof A.19. First let us take the case when k # j. Then, due to independance of e, (t), we have E[e,(t — k)ey(t — j)] =0,
and thus

Eflle(t, k. 1)[|5] = B[] — ey (t — k)eg (t — 7)]I3]
Again as e4(t) is i.i.d. we have
El|le(t, k, 1)lI5) < El(lleg(t — k)2lleg (t — 5)ll2)"] < Ellleg(t — k) I51E(lleq (t — 5)Il3]
and due to stationarity of e,(t), we have E[|le,(t — k)||5] = E]|le4(t — 7)|5], therefore
E[[le(t,k,D)5] < Ellleg(t)[5)*

and again due to stationarity of e, (), the moments do not depend on ¢, and using Lemma A.22 we obtain

I

Vk # j, Ellle(t k,)[3] < (cZ(ny +nu))
Now let us take the case when k& = j. Then

B[ Eley(t - kel (¢ — ] - e(t — kel (¢ = DII") < B [([Ele(t — k)el (¢ = ]| + lley (¢ — ke (¢ D)']

g

(164)

By convexity (a +b)" = 2"k (a +b)" = 2" ((a+b))" < 27"!(a" + b"), we obtain
Elle(t, k5] < 27 (B [[Bley (¢ — el (¢ — ]I"] +E [y (t — K)eX (¢ — ) (165)
=271 (| Eley(t — k)eg (t = D]|" +E [|leg(t — k)eg (t = D)[|"]) (166)

<2 (Bllley(t — K)ol (1~ D]+ B [lleg(t — kel (¢ D)) < 2B e, (1) 167)
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Again by using Lemma A.22, we obtain
vk = j Elle(t, k,)l|5] < (2¢2(ny +14))"

Thus we obtain the statement of the lemma

Ve, k. j Ellle(t, kD3] < max{(c2(ny, +n.))", (2¢2(ny +14))"} = (22 (ny +n4))"

Lemma A.24. With notation as above, with |eg,i| < ¢, the following holds
E[MED-YID)] < 1 4 %ewiw(nwnwce(fﬁ
Proof A.20. By power series, and E[L(f) — Vv (f)] = 0, we have
B0 =113 XBie() - Vah))
r=2
Now by Lemma A.15, and Lemma A.23, and 4(r — 1) < 2" we have

E[(L(f) — Vi ()] < — (4e2ny (ny + n.)Ge(f)?)

=

Thus,

BlMED V() < 1 4 1

==

ngk
3

now since Mc2n, (n, + n,)Ge(f)? > 0, then

()\40 ny (ny + 1) Ge(f)?)"

=] =
NE
ﬁ‘H

1+

i
I|
N

1
<1+ =
o

()\40 Ny (ny + 1) Ge(f)?)"

2|~
gMéﬁ

_ 14 Lomciny(nytna)Ge()?

Lemma A.25. With notation as above, with |e, ;| < c,, the following holds

B[V -E0)] < 1 4 PG (D Zgenllf, 2y Fu)

with

Gy(f) 2 (1 +(1D] + M“f'ﬂf”) <M||O||||B|>

Proof A.21. By power series, we have

E[e/\(VN(f)fﬁ(f))} < E[eMVN(f)*ﬁ(f)‘] =14+ Z KEHVN(]C) — ﬁ(f)m

For the terms E[|Vy (f) — Lx(f)|"], we reuse the proof of Lemma A.12, and continue from (93), i.e.

it

B[V (f) — £n(D] < \/;v<1+D”+MIIIB_|iCI> <M||IC_HYB|> E[

—(/\40 ny(ny +nu)Ge(f)?)"

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

(177)

(178)

(179)

(180)
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Note that

(1-4)% < (1-477)* (181)

(1-4)"<1-4"=(1-4")1+49") (182)
1<14+4" (183)

This allows us to simplify the expression to

e 2 - MBIICHY (zicnBl [yu)} o ( 1 )
E[| Vi (f) cN<f>|H<ﬁ<1+||D||+ s ) ( - )E ] 4% =) asy
Now, from Lemma A.6, we get
®1]°
1ZO ] = 1=onlirmties i (185)
by lemma A.22, we get
(t) 2r i
B || %] ]s(||zgm||zc3<ny+nu>) (136)
: A 1 ~ I BIC 1) CIIB
Thus,w1tth(f)fm<1+||D||+M£;Y )(MHB)
~ . 1 r
E[|[VN(f) = Ln ()] < Wil (2G5 (NISgenll?, c2(ny + 1)) (187)
Thus
E[M Vv (D-£()]] Z (2AG ()| Zgenll?, 2 (ny + 1)) (188)
<14 \/LNQQAGA IS genll?, c2ny+n) (189)

and therefore the statement of the lemma holds.

Corollary A.26. By lemma A.18, lemmas A.24,A.25, and by applying a union bound, we obtain, for A\ > 0, § € [0,1), the
set of absolutely continuous probability density functions M w.r.t. w, the following holds with probability at least 1 — 20

Y E M Ereplll) < Bropln(D)+ 1 Do) 410 (3 ) + Ben 1)) (190)

with
Ve, (A, N) £ 3 ({I\lcs,ﬂ',l()‘,N) + ‘f'ce,ﬂ,z(A,N)) (191)
Ve x1(A,N) £ In Efer (1 + ;f€A4C§n@,(ny+nu)ce(f)2) (192)

oo r oW N) 2 In <1 N %GQAGf(f)HEgen”%l ci(ny+nu>> (193)
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A.2. Bounded innovation noise case: Alternative formulation

Lemma A.27. for a sequence of random variables x; € R, and j € {1,...,r}
" s INICE) g2
E|[[z|<|][E [a;g? )} E [xge )} (194)
j=1 j=1

Proof A.22 (of Lemma A.27). We first apply Cauchy-Schwarz inequality E [H;:1 xj} < |E [H] 1334 | =

|E [(wl) (H;ZQ xj)} | < \/E[a:f]m, and obtain

9-1
E|[]z| <E[?" E|[]«? (195)
Jj=1 Jj=2
Then we apply Cauchy-Schwarz again
272 272
: SERRESEINCUILIR b o SES COMCIRIS B & ES
E|[[| <E[3] E{xz } E | ]! =HE{xj } E|l ] < (196)
j=1 Jj=3 Jj=1 Jj=2+1
We repeat this process until we have
r r—2 ; (273-) o s 9—(r—2)
[Toi| <TTE[] B[22 )] (197)
- ot

Then we apply the final Cauchy-Schwarz inequality and obtain the statement of the lemma

9—(r=1) 9—(r=1)

— 57 (277) r—1 1
ij < H [xf )} E [xﬁ"‘_l )} E [x? )} (198)
j=1
r—1 2j) (27j) r—1 27(T71)
~T[E [azg } E [zg? >} (199)
Jj=1 ‘
Lemma A.28. Let m = ny + ny. If |ey(t)| < ce, then
. _ 2|12 genlle, (cen/m) = "
BV ()~ v < GralDEgeln o) (bl ) ) 200)

where Gy (f) 2 (MUZUEL), and Gra(f) 2 (14 1D] + ML) TL [Sgenfle, 2 2]+ 552, 1Co A5 K,

Proof A.23 (of Lemma A.28). with zo(¢) = y(t) — ¥7(t), and z;(t) = y(t) — ¥7(¢|0), we start by applying triangle
inequalities

E[[Vi(f) = Lx(HI']

1 N-1 r
(sz 1200 (B)11* = Nl (@] \) 1 (201)
t=0

N—
Zl\zoo W =Nz ()1
=0

1 N-1
E[[Va(f) = Ln (NI < 57 D ZE H|Hzoo M = Iz ()17 (202)

t1=0 tr=
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Now using the fact that |a® — b%| = |(a — b)(a + b)| = |a — b|(a + b), since a,b > 0, we get
N-1
E[|[Vn(f) = LN (f N" > Z E H 1Zoo (E) = [1z (E5) 1] (llZoe () + llz s (£5)1) (203)
t1=0 t,.=0 j=1

We apply Cauchy-Schwarz, i.e. E[XY] < [E[XY]| < /E[XZEYZ, with X = [T/, [|zoo(t;)|| — [|zs(;)ll. and
Y = [Tt (lzoo () + llz4(£5)1),

N-1 r
A 1 2 2
E[[Va(f) = Lx (DI < 7 > Z H Zoo (E1 = Iz ED NI | B TT oo ()11 + N2 (2)1)
t1=0 =0 j=1
(204)
For now let’s focus on E {H;Zl NZoo ()] — |z £ (E5)]] |2} , by applying reverse triangle inequality we obtain
H 1Z0o (81| = N1z ()1 | < E H 1Zo0 (t5) — 24 (t)1I? (205)

For the ease of notation for the next step, let us define x; = ||z (t;) — zs(¢;)||?, then the quantity of interest is

H x (206)

For the above quantity we can apply Lemma A.27, which states

—(r—1)

ﬁl‘j Sl:[ { }(2 R [565-2“1)}2 (207)

From Lemma A.7, we also know that

2. (t) — 2 ()] < " (W) || ] (208)

Il

Thus combining Lemma A.27 and Lemma A.7, we get

' o NC)B) I GaRIE
E colti) — 2 < j PR L B L i 1 E Yy ]
E”Z (t)) — 2 (1) _13 ( L Hu@)
sz’ Ny

22t

x4 (1_& )EU [u(t)} 1 (209)
with Lemma A.10, and Lemma A.22, we have
t T

B |[X]] | = 1ol vy @10)

thus we get

E H 200 (t5) — 2 (t ||2 < H <JMCHJYB”> <||Egen||2j+l( em)gjﬂ)fj

A A A 2
. M| C||IB - 2~ (D
A (M) (IS gen 7} (cev/m)?") . (@1



PAC-Bayesian Bounds for LTI systems

With some algebraic simplification we obtain the first term
M|C|I)BI .
[H 200 (t;) — 24 (2 )||2] < (1—7 1Zgenll7, (ce H , (212)
ow for the second term Zoo(t5) || + ||Z£(t; , We a the inequality of arithmetic-geometric means
Now for th d E 31 7t 2 pply the inequality of arithmetic-g i

E[H<||zoo< N+ Iz (¢ ] ZE[mo )+ Dz )1 @13)

j=1
By Lemma A.11, we obtain

T

fZE[mo )+l ()] < 22”2 E [lzoc (t)1177] + E [ll2(t)1*']) 214)

j=1

By Lemma A.8 and Lemma A.9, we obtain

~ ~ ~ 2r
221 2 oy 22 S MIBJIC| yO |
. ;(E [lze (E) 7] + E [llzs (1)1 ])<7j:1 <1+|DII+H E H“(t)] (215)
— 2" <1+||15||+M”B”|C”> UH i] ] (216)
with Lemma A.10, and Lemma A.22, we have
t T
B|| 50| ] < 1=aenls tcovmr, @17)
we get
- M| B|||C
E | [] (lzeo(t)] + ll2,(t)I)? | < <2||Egenlle1(cef) <1+|DII+W>> (218)
j=1

Now taking (218) and (80) back to (204), we have

i

H|||zoo M= llzs @)I1| | E

N-1
E[|[Vi(f) ~ L ()] < 12 .

[T Ulzoe (t)1l + IIZf(tj)||)2]

t-=0 j=1

N-1

-1
1 M| CllIB]
N2 J(l—v [Zgenll7, (c \/frﬂHW”

1= tr=0
AN
J <2||Egen|el<ce\/%> (1 DI+ W)) @19

IN
2

~+
(=)

with G4 (f) £ (%HWHBH) (1 41D+ W)

B{I[Vi () ~ Lx (1)) < (W) I genlle (cer/m) (2”2%7,”@1 (cev/m) (1 +1D] + M'lB_”i '))
1 N-1 N—-1 r

NT‘
t1=0

At (220)
»=0j=1

~
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T
Note that (Eiv: Bl ’yt) = i\lf ;(1] . i\: ;é 17", and by applying the sum of the geometric series we obtain

B[ Vi(f) ~ Ln(/)I'] < (W) I genles(ecv/m) (2”29%”@1 (cev/im) (1 +1D] + M'ﬁ”i“))

1—4N )
N~ (221)
(N(l -4)
Note that 1 — 4" < 1, so with Gy1(f) £ (%”,UBH), and Gro(f) = (1 + | D|| + %H,UCH) ﬁ the statement of the

lemma follows.

Lemma A.29. With notation as above the following holds

2||Zgenlley (cev/m) A r
(/\ Il ”]l;/'( r>Gf,2(f)>

r!

E[NWID-ExDI] <14 Gra () Sgenlles (cev/m) D

r=1
= (1= GalD)lZgenlles (cor/m)) + Cra (D Sgenlles (ccn/m)e

Proof A.24 (of Lemma A.13). with X = AV (f) — Ln(f)|

(222)

2| Sgenlly, (cev/m) ~
G e

AT N <2||Egenel(ce\/m)

B =40 =143 X BV () - En(nr <1+ 30N WeMean) e
| >0

r
r=1

Lemma A.30 (Alternative bound using (Alquier & Wintenberger, 2012)). With probability at least 1 — 0, the following
holds

1 1
Wi Epepllf) S BpngV()+ 5 | Dislplln) +1n g+ Wealh )] (224

with
U0\ N) =In B B[ DI < 1n By (e%(cemme,l<f>>202(4Ge<f>C+1)2) (225)

where C = co\/Ty, + 1y
Gen(f) = IDell2+ D _(k+ D[CAE K|z

k=1
In particular, limy_yo0 Uy 2(A, N) = 0 for any A > 0 and for A\y = VN, limy_, ﬁ\Pﬂ-’Q()\N, N)=0.
Proof A.25 (Proof of Lemma A.30). For each f € F, consider X; = y(t) — y¢(t). Then X,

Xy = Z apeq(t — k),
k=0
where

D., k=0
AL =
"Tlo AR, k>0

By (Alquier et al., 2013, Proposition 4.2) X, is a weakly dependent process in the terminology of (Alquier et al., 2013),
and | X;|| < Gc(f)C and the coefficient 6, n (1) satisfies oo n(1) < 2G. 1(f)C for all NN. Consider the function

h(z1,...,zN) = ﬁ Zfil ||z;]|3 defined on X = [—L, L]V, where L = 2G.(f)C. Then his 1 — Lipschitz. Notice
that \Vy (f) = % (2L + 1)h(X(0),...,X(N — 1)). Then

E[eA(ﬁ(f)—VN(f))} E[e%(2L+1)(E[}L(X(O),---X(N—l))]—h(X(0)7~~-»X(N—1))]
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and hence by (Alquier et al., 2013, Theorem 6.6)

B[N EWD VN D] < o3 QLA (Xolloe +0oe v (1)*/2

where || X(||o is the smallest real number such that || Xg|| < ||Xo]||oo With probability 1. By using the definition L, and the
facts that || X¢|| < Gc(f)C and O, n(1) < 2Ge1(f)C the statement of the lemma follows.

B[N ED-VN ()] < 3 CLAD (X0 lloct0oe, 3 (1)*/2 < o3 (1Ge(NOH)? (Cel))+2Ge1)*C?/2 (226)

Proof A.26 (of Theorem 5.4). By applying Lemma A.30, Lemma A.29, and by applying the union bound as in Lemma
A.21, we obtain, for A > 0, § € (0, 1], with probability at least 1 — 2§

2
A

Vp € Mr: EfpL(f) S Epnpln(f) + (227)

1 U\ N)+ P\ N
D (plm) +1n 5 + “’);2(’q

with

Uy (\,N) 21n Ewae%(4Ge(f)C+1)2(Ge(f)+2Ge,1)202 (228)

20 Zgenllg, (cevVim) -
N

Uy N) 2 In By ey ((1 = Ga (DS genlles (co/m) + G (D[ Sgenlles (con/m)e? Gf72<f>) (229)

Now with A 2 0.5\ <3 \ = 25\, we obtain the statement of the lemma: for \ > 0, 0 € (0, 1], then with probability at least
1-26

N 1 1 U\, N)+Ty(\,N
VP € M i Bprp(f) S Byl (f) + 5 | Diculplm) + 105 + i >2 2( )] (230)
with
Uy (3, N) 2 In By e 24Ge(NOHD (G ()26 1)*C? 231)
\112(5‘7 N) = InEyr <(1 - Gf,l(f)”Egen”h (CP\/E)) + Gf,l(f)”EgenHEl(Ce\/%)e%g‘mgm”“(Cﬁﬁ)éf’2(f)) (232)



